The efficiency of ciprofloxacin (CIP) adsorption on synthesized birnessite was systematically studied under varying physicochemical conditions, such as solution pH, contact time, initial CIP concentration, and different average oxidation states (AOS) of Mn in birnessite. X-ray diffraction (XRD), Fourier transform infrared (FTIR), and molecular simulations were employed to investigate the adsorption mechanism of CIP on birnessite. Experimental results showed that surface adsorption instead of cation exchange was responsible for the uptake of CIP on birnessite. The quantum mechanics simulation showed that the final energy of the interaction between CIP and birnessite was smaller under the condition when the AOS of Mn was lower, in comparison to the case when the AOS of Mn was high. The highest CIP adsorption occurred under a weak alkaline condition.
Introduction
Antibiotics refer to a group of substances that can effectively inhibit growth of pathogens or other active materials. Since Alexander Fleming discovered penicillin in 1928, a large number of antibiotics are not only used to treat human and animal diseases but also widely used in poultry feeding and aquaculture. Antibiotics play an important role in preventing disease and promoting growth [1] . Many antibiotics have the characteristics of low biodegradability and are persistent in the environment [2] .
Nonbiodegradable quinolone antibiotics are an important type in the commonly used antibiotics. The most extensively used prescribed quinolone antibiotic is ciprofloxacin that can effectively act against a wide range of gram-negative and gram-positive bacteria. In addition, CIP has high water solubility under different pH conditions and has stability in soil and wastewater [3] [4] [5] [6] [7] . It can be removed by wastewater treatment, owing to its significant adsorption onto the sludge floc [3] . Although 90% of CIP could be removed by activated carbon from sludge [4] , it is still found in the effluent of sewage treatment plants. Studies of the interaction between these pollutants and soil or sediment have attracted great attention as more and more antibiotics are detected in surface and wastewater.
Birnessite was originally thought as the air oxidation product of manganese oxide in alkaline conditions in Scotland [8] . It is one of the most common manganese oxides in soil and is also a potential, yet efficient, adsorbent [9] . It has an octahedral layered structure and a large specific surface area (63-300 m 2 g −1 ) [10] . The charge of Mn in octahedral sites varies with the changes of environment and leads to different number of interlayer cations [11] . The interlayer cations can be more easily replaced by other inorganic or organic cations based on the electronegative level [12] . The sodium ions in birnessite can be fully exchanged by univalent ions and partly exchanged by calcium and magnesium ions [13] . Some recent studies reported that birnessite was able to promote the decomposition of tetracycline or CIP [14] [15] [16] [17] .
The aim of this study was to study CIP adsorption on birnessite under different physicochemical conditions and to investigate the potential mechanism of CIP adsorption on birnessite using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and Material Studio simulation.
Materials and Methods

Experimental Materials.
Sodium hydroxide, manganese chloride (MnCl 2 ⋅4H 2 O), and potassium permanganate were all purchased from Beijing Chemical Works. CIP has a water solubility of 30 g/L at 20 ∘ C and acid dissociation constants p 1 and p 2 at 6.1 and 8.7 [18] . When the pH is less than 6.1, the CIP molecule exists as a cation because of the protonation of amino in the triazine part. Between pH 6.1 and 8.7, zwitterion is the main form of CIP due to protonation of amino in the piperazine part and deprotonation of carboxyl. An anion is a dominant species when pH is greater than 8.7, as a result of the loss of amino group proton in piperazine moiety [19] (Figure 1 ).
Preparation of Birnessite with Different Average Oxidation
States (AOS) of Mn. In this paper, a liquid-phase reaction method was used to prepare birnessite. The first step was to mix 0.02 mol MnCl 2 ⋅4H 2 O and 0.25 mol NaOH in 100 mL distilled water. In order to form a homogeneous solution, the mixture was stirred for 1 min at room temperature. And then solution was mixed with 50 mL KMnO 4 solution in different molar ratio (61.76%, 57.89%, 54.76%, 52.17%, 50.00%, and 48.15%) relative to MnCl 2 ⋅4H 2 O and stirring continued for 30 min to insure the reaction was complete. The product was aged for 24 h at room temperature. At last, the products were washed with distilled water for ten times and dried at 60 ∘ C for 24 h. Then series of birnessites with different AOS of Mn were obtained, named (I, II, III, IV, V, VI).
CIP Adsorption on Birnessite.
Kinetics of CIP adsorption were carried out to evaluate the parameters of CIP removal from water by birnessite and to provide guides for further studies on equilibrium CIP adsorption and effect of solution pH on CIP adsorption.
The study of the kinetics of CIP adsorption on birnessite was performed by mixing 0.1 g dry weight of birnessite with 25 mL of 1000 mg/L CIP solution on a horizontal shaker at 150 rpm for the following shaking times: 0.5, 1, 2, 10, 20, 30, 60, 120, 180, 240, and 300 min.
For CIP adsorption isotherm study, 0.1 g (dry weight) of birnessite was mixed with 10 mL CIP solution in each 50 mL centrifuge tube at initial concentrations of 500, 1000, 2000, 3000, 4000, and 6000 mg/L on a horizontal shaker at 150 rpm for 24 h.
The pH of the equilibrium solution was kept about 6.4 for the kinetics and isotherm study.
For the study of influence of solution pH on CIP adsorption, 0.1 g (dry weight) of birnessite and 25 mL of 2000 mg/L CIP solution were mixed in each 50 mL centrifuge tube. Then, solution pH was measured and readjusted with HCl or NaOH every 8 h until the pH stabilized at the desired final solution pH of 1-11 with an increment of 2. The total time of mixing was 24 h.
For the three experiments mentioned above, a duplicate was performed for each variable. After desired time, the mixture was centrifuged for 10 min at 7500 rpm and the supernatant passed through 0.45 m syringe filters before being analyzed for equilibrium CIP concentrations using a UV-Vis method.
All experiments mentioned above were carried out to provide guidance for the following experiment: the effect of AOS of Mn in birnessites (different molar ratio of KMnO 4 and MnCl 2 ⋅4H 2 O) on CIP adsorption. 0.1 g dry weight of different kind of birnessite and 25 mL of 6000 mg/L CIP solution were mixed in each 50 mL centrifuge tube under the conditions of pH = 7.
Methods of Analyses.
We determined the equilibrium CIP concentrations via a UV-Vis spectrophotometer at the wavelength of 280 nm; the calibration curve was established by 10 standards in the range of 1-10 mg/L and the coefficient of regression 2 was 0.997. For the experiment of influence of solution pH on CIP adsorption especially, we established 6 calibration curves with the pH of 1, 3, 5, 7, 9, and 11 to determine the equilibrium CIP concentrations.
For the crystal structure of manganese dioxides, X-ray powder diffraction analysis was used to characterize it. And it was performed at 40 kV and 100 mA. Oriented samples were scanned from 2 3 ∘ to 70 ∘ with a scanning speed of 8 ∘ /min. The FTIR spectra were collected by accumulating 16 scans at a resolution of 4 cm −1 in the range of 450 to 4000 cm
on a Spectrum 100 spectrometer equipped with a mercury cadmium telluride detector. Molecular simulation of binding energy between birnessite of different AOS of Mn and CIP was studied by means of the module Forcite of Materials Studio 5.0 software. During simulation, the quantum chemical module of Materials Studio CASTEP was used to calculate the interaction energy between CIP and birnessite. By comparing the energies, the ease of interaction between CIP and birnessite on edge surface could be determined. The lower the energy is, the more easy the interaction is.
Birnessite is a layered manganese oxide mineral. Each layer consists of edge-shared MnO 6 octahedron. In the interlayer space, there are metal cations and water molecules. The birnessite model was constructed and the atomic coordinates were derived from the space group of C1 with = 5.175Å, = 8.93Å, = 7.38Å, and = 103.18 ∘ [20] . And we chose the (010) plane of birnessite as a demonstrational edge surface and (001) plane as the basic surface in this study. the synthetic material agreed well with the standard cards of birnessite, indicating that the synthetic material was relatively pure birnessite. On the other hand, compared with the two XRD diffraction patterns, the corresponding peak of (001) crystal planes was not moved and the layer spacing remained the same, proving that surface adsorption instead of interlayer adsorption was the main form of CIP uptake on birnessite.
Results and Discussion
Influence of Solution pH on CIP Removal by Birnessite.
The electric charges of CIP vary with pH and lead to different CIP adsorption capacity. Under strong acidic conditions, changes in solution pH had a minimal effect on CIP removal. And then CIP adsorption increased gradually with the increase of pH. Above pH 8.7, a further increase in solution pH resulted in a remarkable decrease in CIP removal ( Figure 3 ). This trend was similar to CIP adsorption on Camontmorillonite and kaolinite [21, 22] . Considering that the p values of CIP were 6.1 and 8.7, the CIP was in its zwitterionic form when solution pH was between 6.1 and 8.7. Even though the net charge of the whole molecule was zero, the positively charged amino was still able to contribute to the adsorption of CIP on birnessite. Therefore, a higher adsorption capacity occurred in the range of pH 3 to 8.7. The adsorption was lower when solution pH was 3 or less, because the negative charge of birnessite surface decreased under low pH [27] and brought repulsion with the positively charged CIP. When solution pH was greater than 8.7, an anion played a dominant role in CIP speciation. Significant repulsion was induced between the negatively charged surfaces of birnessite and CIP. Thus CIP removal on birnessite was significantly reduced in this case. 
Kinetics of CIP Removal by
in which (min) is the time of adsorption, (mg/g) is the amount of solute adsorbed on the adsorbent surface at time , (mg/g) is the amount of solute adsorbed at equilibrium, {mg/(g⋅min)} is the rate constant for adsorption, and and 0 are the concentrations of solute at time and time zero.
The calculated was 208 mg/g close to the experimental value of 203 mg/g. The pseudo-second-order kinetics with a coefficient of correlation 2 = 0.999.
Equilibrium of CIP Removal by Birnessite.
The equilibrium of CIP removal was described by the adsorption isotherm. The observed CIP adsorption capacity was about 419-442 mg/g at room temperature and the adsorption data was fitted to the Langmuir isotherm ( Figure 5 ). The linear forms of Langmuir isotherm model can be represented as follows:
in which is the concentration of CIP at equilibrium (mg/L); is the amount of CIP adsorbed per gram of birnessite (mg/g); is the maximum adsorption in theory; and is the constant of isotherm equation. The calculated was 455 mg/g close to the experimental value of 442 mg/g. And the 2 of pseudo-second-order kinetics was greater than 0.99.
The analysis suggested that the thermodynamic characteristics of CIP adsorption were well fitted to the Langmuir model. Figure 6 presents the FTIR spectra of CIP, raw birnessite, and 6000 mg/L CIP adsorbed birnessite. Compared with the FTIR spectra of raw birnessite and birnessite with absorbed CIP, there was no significant change in the vibration of the backbone of birnessite before and after CIP adsorption, which indicated that the adsorbed CIP did not alter the structure, consistent with XRD observation.
FTIR Analyses.
Crystalline CIP had many characteristic peaks at the finger print (1200-1800 cm −1 ). There was a peak that appeared in 1703-1699 cm −1 due to the fact that the ] (carboxylic acid C=O) and the ] (Ketone C=O) were located at 1622 cm −1 [18, 25] . And two relatively strong peaks appeared in 1269 cm −1 and 1484 cm −1 . Because of MnO 6 octahedral, the FTIR spectra of original and CIP-absorbed birnessite had a strong absorption peak at about 520 cm −1 . A broad weak and a strong broad peaks appeared in 1624 and 3431 cm −1 with the former attributed to less ordered water and the latter to OH, H 2 O adsorbed on birnessite [26] . The other explanation of these phenomena was the bending mode of H 2 O and the stretching mode of the OH groups. The most obvious changes are those in 1200-1500 cm −1 .
At wave numbers 1269 cm −1 and 1484 cm −1 , which were the characteristic peaks of crystalline CIP, the CIP-absorbed birnessite showed the two new peaks compared with the original material, characterizing the reaction between birnessite and CIP.
Influence of Birnessite with Different AOS on CIP Removal.
Based on the study of influence of solution pH on CIP removal by birnessite, we chose the same acidity condition (pH = 7) to carry out this experiment.
Adsorption capacity of CIP increased gradually with the increase of the molar ratio of MnCl 2 and KMnO 4 ( Figure 7 ). Consider that birnessite has a hexagonal symmetry layer structure and may possess a variable number of octahedral cationic vacancies within its layers. Manganese oxide octahedral vacancies lead to the production of the negative charge on the birnessite surface [27] . When solution pH was 7, part of the CIP was in its cationic form. And the interaction between CIPH + and negative surface charge resulted in the adsorption of CIP on birnessite. The increase of the ratio of MnCl 2 and KMnO 4 leads to the decrease of Mn AOS and the increase of surface electronegativity in birnessite. Thus the adsorption capacity of CIP increased from sample I to V.
Molecular Simulation.
As birnessite had two-dimensional morphology microscopically, it could be presumed that the large and flat surfaces on the basic plane would be the sites for adsorption of CIP. And the charge of birnessite is deeply dependent on the ratio of Mn (II) to Mn (VII). If the adsorption of CIP on birnessite was from electrostatic interaction, the location of charge on birnessite would play an important role on the sorption sites of CIP.
We simulated the interactions between CIP and birnessite on (010) surfaces under 3 different conditions for AOS of Mn (Figure 8 ). To judge which condition is more stable, we calculate the total energy of the 3 different conditions for AOS of Mn. After that, we set the total energy of the highest AOS of Mn (n(KMnO 4 ) : n(MnCl 2 ) = 61.76%) as the standard; when the ratio of KMnO 4 to MnCl 2 was in sequence of 54.76% and 50.00%, the differences between the 2 energy values and the standard were in order of −6.55 and −7.47 KJ/mol. With the increase of the ratio of Mn (II) to Mn (VII), the difference of total interaction energy decreased more, showing that the system was more stable and leads to higher adsorption capacity of CIP.
The simulations showed that CIP could interact with the (010) edge surfaces more easily under a lower AOS of Mn due to the comparison among the final energy. And the simulation results agreed well with the experimental phenomenon about birnessite with different AOS on CIP removal.
Discussion
. Because the pH of the equilibrium solution was 6.4, under which CIP would be a monovalent cation CIPH + . And the birnessite edge would be negatively charged. Therefore, the interaction between birnessite and CIP may cause CIP adsorption by birnessite.
We used Material Studio to simulate CIP removal by birnessite of different AOS of Mn and calculate the binding energy between birnessite and CIP. Quantum mechanics simulation under different proportions of Mn 2+ conditions showed that CIP could interact with the (010) edge surfaces more securely when the AOS of Mn decreased, in which case the total negative charges of birnessite increased. This phenomenon suggested again that the removal of CIP by birnessite was due to surface adsorption and it was similar to the adsorption of oxytetracycline on montmorillonite, which confirmed that the dominant mechanism of interaction was the hydrogen bonding [28] .
Conclusions
Kinetic and thermodynamics experiments showed that CIP adsorption fitted to the pseudo-second-order kinetics and Langmuir isotherm model well. We carried out another two experiments of changing the electric charge of CIP (the pH experiment) and the charge of birnessite (the experiment using birnessite of different AOS of Mn), and the results showed that CIP adsorption changed as the electric charge of CIP and birnessite changed. This phenomenon proved that it was surface adsorption that caused the removal of CIP on birnessite. And the XRD, FTIR analysis, and molecular simulations confirmed this mechanism again.
